To obtain a complete picture of subcellular nanostructures, cells must be imaged with high resolution in all three dimensions (3D). Here, we present tilted light sheet microscopy with 3D point spread functions (TILT3D), an imaging platform that combines a novel, tilted light sheet illumination strategy with engineered long axial range point spread functions (PSFs) for low-background, 3D super localization of single molecules as well as 3D super-resolution imaging in thick cells. TILT3D is built upon a standard inverted microscope and has minimal custom parts. The axial positions of the single molecules are encoded in the shape of the PSF rather than in the position or thickness of the light sheet, and the light sheet can therefore be formed using simple optics. The result is flexible and user-friendly 3D super-resolution imaging with tens of nm localization precision throughout thick mammalian cells. We validated TILT3D for 3D superresolution imaging in mammalian cells by imaging mitochondria and the full nuclear lamina using the double-helix PSF for single-molecule detection and the recently developed Tetrapod PSF for fiducial bead tracking and live axial drift correction. We envision TILT3D to become an important tool not only for 3D super-resolution imaging, but also for live whole-cell single-particle and single-molecule tracking.
INTRODUCTION
The development of imaging techniques beyond the diffraction limit has over the last decades paved the way for detailed studies of nanostructures and molecular mechanisms in biological systems. Several methods have been developed to extend the imaging capability of single-molecule super-resolution microscopy [1] [2] [3] to three dimensions (3D) 4 , including multiplane imaging [5] [6] [7] [8] , interferometric approaches [9] [10] [11] , and point spread function (PSF) engineering (for a review, see 4 ). In this work, we have used PSF engineering, where the shape of the PSF of the microscope is modified to encode information about the axial (z) position of each single emitter directly in its image. This is accomplished by modifying the phase pattern of the emitted light in the Fourier plane of the microscope. PSF engineering typically only requires the addition of a small number of optical elements to a standard microscope, making the method relatively simple to implement while exhibiting high precision for 3D single-molecule localization. This method has been used to create astigmatic PSFs 12, 13 and the bisected pupil PSF 14 with axial ranges of 1-2 µm, the corkscrew 15 , self-bending 16 , and double-helix (DH) PSF [17] [18] [19] [20] [21] with axial ranges of ~2-3 µm, and the recently developed Tetrapod PSFs [22] [23] [24] which have a tunable range of up to 20 µm.
Imaging thicker samples, such as mammalian cells, in 3D is challenging due to the increased background and volume to image. Light sheet illumination 25 is a method that allows for selective irradiation of the focal plane, and its inherent optical sectioning capability allows for imaging of biological samples with reduced background, photobleaching, and photodamage. Several different light sheet designs have been implemented for single-molecule tracking and superresolution imaging imaging of fluorophores close to the coverslip using a high numerical aperture (NA) detection objective. High-NA detection objectives are required in order to increase the photon collection efficiency, since this will improve the localization precision of single molecules. Some designs require dipping of the illumination or the detection objective into the sample medium, which increases the risk of biological and fluorescent contamination. Some previous designs are constructed using complicated optics and electronics, or many custom-made parts. Such designs are often expensive and difficult to build and operate, and thus may not be easily accessible to the general research community.
We alleviate many of these issues by tilting the light sheet illumination plane and detecting the 3D position of single molecules using engineered long axial range PSFs, with a design termed tilted light sheet microscopy with 3D point spread functions (TILT3D) (details can be found in Ref. 34 ). TILT3D yields high localization precision of single molecules in 3D over the entire axial range of a mammalian cell via a stack of light sheet slices combined with imaging with engineered PSFs in each slice. The imaging platform offers the reduced background, photodamage, and photobleaching of light sheet microscopy, while being simple and cost-efficient to construct and operate. The tilt of the light sheet allows for optical sectioning throughout entire adherent mammalian cells cultured on conventional coverslips. Since the axial positions of the single molecules are encoded in the shape of the PSF rather than in the position or thickness of the light sheet, the light sheet need not be extremely thin and can be formed using simple optics. The design allows for use of a high-NA detection objective for imaging of single molecules with high photon efficiency, and there is no need for dipping of objectives into the sample chamber, which reduces the risk of sample contamination. We validated the performance of TILT3D for 3D single-molecule super-resolution imaging of whole mammalian cells by imaging of mitochondria and the entire nuclear lamina using the DH-PSF with 2 µm axial range for single-molecule imaging within each light sheet slice and a Tetrapod PSF with 6 µm axial range for detection of fiducial beads.
METHODOLOGY

Light sheet formation and characterization
The optical setup was built around a conventional inverted microscope (IX71, Olympus). Illumination lasers (200 mW 561 nm and 120 mW 647 nm, both CW, from Coherent) were spectrally filtered (561 nm: ff01-554/23-25 excitation filter, 647 nm: ff01-631/36-25 excitation filter, both Semrock), circularly polarized (LPVISB050-MP2 polarizers, Thorlabs, and 561 nm: WPQ05M-561 quarter-wave plate, Thorlabs, 647 nm: WPQ05M-633 quarter-wave plate, Thorlabs), and expanded and collimated using lens telescopes. The toggling of the lasers was controlled with shutters (VS14S2T1 with VMM-D3 three-channel driver, Vincent Associates Uniblitz) and synchronized with the detection optics via MATLAB. The 561 nm laser was introduced into the back port of the microscope through a Köhler lens to allow for wide field epi-illumination. The 647 nm laser was either introduced into the epi-illumination pathway or sent to the light sheet illumination pathway; the pathway was easily switched with a flip mirror. The light sheet module was built on an optical bread board and mounted as an add-on to a conventional epi-fluorescence microscope, and the entire light sheet bread board could be translated in xyz using a translation stage (460P, Newport) for easy alignment. The light sheet was formed by a cylindrical lens (LJ1558L2-A, f = 300 mm, Thorlabs, or ACY254-200-A, f = 200 mm, Thorlabs) and focused in one direction onto a motorized mirror (8821 mirror mount with 8742 Picomotor controller, Newport) (Fig. 1) . The motorized mirror plane was then relayed by two lenses in 4f-configuration onto the back aperture of a long working distance illumination objective lens (378-803-3, 10x, NA 0.28, Mitutoyo). After the illumination objective, the light sheet was reflected at an angle of about 10° by a glass prism (PS908L-A, Thorlabs) into a glass-walled sample chamber (704-00-20-10, Hellma), and focused at the bottom of the chamber where the sample was positioned on a conventional coverslip (Fisher Premium Cover Glass, no. 1.5). The tilt of the light sheet allowed for illumination of entire adherent cells all the way down to the coverslip, without the need for complicated optics. The long working distance illumination objective in combination with the prism enabled introduction of the light sheet into the sample chamber without dipping of the objective into the sample medium, which reduced the risk of biological and fluorescent contamination. Tilting of the motorized mirror was performed using the New Focus Picomotor Application software (Newport), and allowed for translation of the light sheet both in y and z (using the coordinate system defined in Fig. 1 ). The resulting light sheet had a width (in y) of 21 µm FWHM, a thickness (in z) of 2.5 µm FWHM, and a confocal parameter of 73 µm (the distance along the direction of beam propagation for which the beam thickness remains within a factor of 2 ). These parameters are well suited for imaging of mammalian cells using the DH-PSF. They can also easily be adjusted for imaging of different samples by adjusting the choice of lenses accordingly. 
3D detection of single molecules and fiducial beads
Light emitted from the sample was collected by a high-NA detection objective (UPLSAPO100XO, x100, NA 1.4, Olympus) mounted on a piezoelectric objective scanner (Nano-F100, C-Focus, Mad City Labs), spectrally filtered (Di01-R405/488/561/635 dichroic, for far red detection: Semrock, ET700/75m bandpass filter, Chroma, ZET647NF notch filter, Chroma, 3RD650LP longpass filter, Omega Optical, and for red detection: ZET647NF notch filter, Chroma, et610/60 bandpass filter, Chroma, and FF01-593/40 bandpass filter, Semrock), and focused by the tube lens. The intermediate image plane was relayed by lenses in 4f-configuration (f = 90 mm, G322389000, Qioptiq) to allow for phase modulation of the light in the Fourier plane of the microscope (Fig. 1) . Two spectrally separated channels were created by placing a dichroic mirror (T660lpxrxt, Chroma) after the first 4f-lens, and the two channels were aligned using a D-shaped mirror (BBD1-E02, Thorlabs) before detection with a single EM-CCD camera (iXon3 897, Andor). Transmissive dielectric phase masks of choice were placed in the Fourier plane, one focal length from the first 4f-lens, in one or both channels of the emission pathway.
In this work, we used phase masks encoding for the DH-PSF with a ~2-µm axial range (Double-Helix Optics, LLC) and for a Tetrapod PSF with 6-µm axial range (fabricated at the Stanford Nanofabrication Facility as described in Ref. 34 ). The DH-PSF consists of two lobes that revolves around each other, where the lateral and axial position of the emitter is encoded in the mid-point and in the angle between the two lobes, respectively. The Tetrapod PSF consists of a more complex pattern, roughly tracing out the shape of a tetrapod when envisioned in 3D. Conventional 2D epi-or light sheet imaging was achieved by not inserting any phase masks in the emission channels. Single-slice 3D imaging was achieved by adding the DH phase mask in one of the emission channels, which yielded a useful axial range of about 2 µm. Wholecell imaging was performed by inserting the DH phase mask in one channel for single-molecule detection and the Tetrapod phase mask in the second channel for fiducial bead detection (see also section 2.3). This versatile design with two channels where the phase masks can be easily changed thus enabled imaging where the axial detection range could be optimized separately for imaging of single molecules and of fiducial beads. 
Interleaved illumination for live axial drift correction
To accurately reconstruct nanoscale features in cells, drift occurring during the course of image acquisition must be measured and corrected for. A common way to achieve this is to image a fiducial bead in the sample. To facilitate fiducial bead detection during whole-cell imaging, we used the 6-µm axial range Tetrapod PSF in the second imaging channel for fiducial bead detection. The illumination and detection was interleaved between 647 nm light sheet illumination for sectioned illumination of single molecules and detection using the DH-PSF, and 561 nm epiillumination and the Tetrapod PSF for excitation and detection of fiducial beads (Fig. 2) . This scheme offered two major advantages: (1) using a PSF that covered the entire axial range of the cell together with epi-illumination allowed for detection of the fiducial bead independent of its axial position in the sample and of the position of the light sheet and the focal plane. (2) The excitation and emission wavelengths of the fiducial bead could be separated from the singlemolecule channel. This allowed for optimization of the signal from the bead, which resulted in good localization precision, without the risk of saturating the single-molecule channel with light emitted from the fiducial bead. The position of the fiducial bead was analyzed in real time and potential axial drift was corrected for in real time using a piezoelectric objective scanner. Lateral drift was corrected during post-processing, but could in principle have been corrected in real time by using a translation stage. This interleaved illumination scheme was implemented for imaging of the entire nuclear lamina (see section 3.2). Figure 2 . Schematic showing the interleaved illumination scheme used for whole-cell imaging with live axial drift correction. For single-molecule imaging, the focal plane was moved together with the light sheet in 1 µm steps to sample the entire cell in thick, overlapping slices. The 3D position of the individual molecules were detected using the double-helix PSF, which has an axial range of about 2 µm. Imaging of the single molecules was interleaved with imaging of fiducial beads every twentieth frame. Here, the fiducial bead was excited at a different wavelength than the single molecules using epi-illumination, and detected using a 6-µm range Tetrapod PSF. This allowed for excitation and detection of the fiducial bead independent of the position of the bead in the sample and of the position the light sheet and the focal plane. The position of the fiducial bead was analyzed and potential axial drift was corrected in real time. 
Sample preparation
HeLa cells (CCL-2, ATCC) were cultured at 37°C and 5% CO2 in high-glucose Dulbecco's modified Eagle's medium (DMEM, HyClone) supplemented with 10% (v/v) FBS (HyClone). Two days before imaging, cultured cells were plated onto plasma-etched coverslips (Fisher Premium Cover Glass, no. 1.5) spun coat with a 1% (w/v) polyvinyl alcohol (PVA, Polysciences Inc.) layer containing far red (mitochondria) (625/645 nm, F8806, Invitrogen) or red (lamin B1) (580/605 nm, F8810, Invitrogen) fluorescent microspheres, cultured for 24 hours in high-glucose DMEM supplemented with 10% FBS, and subsequently cultured for 24 hours in high-glucose, phenol-red free DMEM (HyClone) supplemented with 10% FBS. During this period, some of the microspheres were endocytosed. Immunolabeling steps were performed with coverslips placed on parafilm, while all other steps were performed with coverslips placed in 6-well plates. After the immunolabeling, all samples were protected from light and stored in PBS at 4°C. The samples were imaged within 48 hours of labeling.
Before imaging, the sample coverslips were mounted on the bottom of the four transparent walls of a sliced commercial glass cuvette (704-000-20-10, Hellma) using two-part silicone rubber (Ecoflex ® 5, Reynolds Advanced Materials). During imaging, the sample chamber could be left open on the top to allow for easy sample access, or it could be easily sealed with a second coverslip placed on top of the four walls and attached with silicone rubber. This reduced the risk of sample contamination, decreased the rate of evaporation of the medium, and limited the access of oxygen to the sample. The glass surfaces between the coverslip and the imaging objective, and between the sample chamber and the glass prism, were brought into optical contact with immersion oil (Zeiss Immersol 518 F, n = 1.518). The glass prism used for reflecting the light sheet into the sample chamber was attached to the microscope stage with silicone rubber using a custom-made right triangular aluminum prism for support (Fig. 1) . The aluminum prism was hollow at the back of the glass prism to allow for total internal reflection of the light sheet.
Imaging methodology
For diffraction-limited imaging, cells were imaged in PBS using ~1 W/cm 2 647 nm excitation. Comparisons between light sheet and epi-illumination were performed by manually switching illumination light paths using a flip mirror during image acquisition.
For single-molecule imaging, the PBS was replaced by a reducing and oxygen-scavenging buffer 35 comprising 100 mM Tris-HCl (Invitrogen), 10% (w/v) glucose (BD Difco), 560 µg/ml glucose oxidase (Sigma-Aldrich), 2 µl/ml catalase (Sigma-Aldrich), and cysteamine (Sigma-Aldrich) with a concentration of 20 mM (mitochondria) or 40 mM (lamin B1). At the beginning of the measurement, a large fraction of the Alexa Fluor 647 molecules were converted into a dark state using 647 nm epi-illumination at 5 kW/cm 2 . For all single-molecule measurements, an exposure time of 50 ms and a calibrated EM gain of 186 was used. For each imaging experiment, at least 300 dark frames were acquired when the shutter of the camera was closed. The mean of these dark frames was subtracted from the images before analysis. A calibration of each PSF was carried out by axial scanning of the fiducial beads in the sample over the full axial range of the PSF using the piezoelectric objective scanner.
For 3D single-molecule super-resolution imaging of mitochondria, ~25 kW/cm 2 647 nm light sheet illumination was used for imaging of single Alexa Fluor 647 molecules and of far red fiducial beads using the DH-PSF. This scheme was very easy to implement and requires no scripts to control the setup and only a single laser for illumination.
Acquisition of 3D super-resolution images of lamin B1 in HeLa cells was performed using interleaved illumination and live axial drift correction, as described in section 2.3. The DH-PSF was used together with ~25 kW/cm 2 647 nm light sheet illumination for imaging of single Alexa Fluor 647 molecules in the far red channel, while for every twentieth frame fiducial beads were imaged using the Tetrapod PSF and 10 W/cm 2 561 nm epi-illumination in the red channel. Several slices were aqcuired and the focal plane was moved together with the light sheet in 1 µm steps to sample the entire nuclear lamina. The positions of the fiducial beads, which were detectable in all slices owing to the very long axial range of the Tetrapod PSF, were used during post-processing to correct lateral and axial drift within each slice and to stitch together the different slices. The final z-position of each slice was corrected using cross-correlation between two adjacent slices.
Data analysis
Calibration and fitting analysis of DH and Tetrapod images were performed using modified versions of the open-source software packages Easy-DHPSF 36 (https://sourceforge.net/projects/easy-dhpsf/) and Easy-Pupil-Finder
37
(https://sourceforge.net/projects/easy-pupil-finder/), respectively. Detailed description of the calibration and analysis methodology, and of the post-processing filtering, can be found in Ref. 34 . In brief, when analyzing images of the DH-PSF, the two lobes of each PSF were fitted using non-linear least-squares functions in MATLAB with a pair of identical, radially symmetric 2D Gaussians as the objective function. When localizing the Tetrapod PSF data, an imaging model based on the Gibson-Lanni scalar diffraction approximation for mismatched refractive indices 38 was used. Here, the PSF was calculated from the pupil plane electric field, and aberrations in the PSF caused by the optical setup were corrected for using phase retrieval 37 . All localization using the phase-retrieved PSF model was done in MATLAB using a maximum-likelihood estimation routine assuming a Poisson noise model.
RESULTS
Contrast and localization precision improvement by light sheet illumination
The contrast improvement by light sheet illumination was measured by imaging of lamin B1 in HeLa cells immunolabeled with Alexa Fluor 647. Diffraction limited and single-molecule imaging using light sheet illumination yielded an up to five-fold improvement in the signal-to-background ratio relative to conventional epi-illumination (Fig. 3) . This resulted in an improved localization precision for single-molecules from 23 nm to 16 nm in xy and from 35 nm to 24 nm in z when switching from epi-to light sheet illumination using the DH-PSF, as demonstrated for imaging of mitochondria. 
3D super-resolution imaging of mitochondria and the nuclear lamina
The performance of TILT3D for 3D single-molecule super-resolution imaging was first demonstrated by imaging of mitochondria in HeLa cells. The DH-PSF was used to image both single molecules and a fiducial bead over a 2 µm range using a single position of the light sheet and of the focal plane (Fig. 4a-c) . This resulted in a localization precision for single molecules of 13 nm in xy and 20 nm in z. Cross sections of individual mitochondria revealed the hollow structure of the mitochondrial outer membrane (Fig. 4d ). Next, TILT3D was benchmarked for 3D single-molecule super-resolution imaging of whole mammalian cells by imaging of the entire nuclear lamina in HeLa cells (Fig. 4e,f) . Single molecules were detected using the DH-PSH, while fiducial beads were detected using the 6-µm Tetrapod PSF. The light sheet was translated axially together with the focal plane in 1 µm steps to sample the entire lamina in thick, overlapping slices. The very long axial range of the Tetrapod PSF allowed the fiducial beads to be detected and localized in all slices. At 3.3 µm above the coverslip, the localization precision was estimated to 16 nm in xy and 23 nm in z for single-molecule detection using the DH-PSF, and 3 nm in xy and 7 nm in z for fiducial bead detection using the 6-µm Tetrapod PSF. The thickness of the lamina at the bottom and the top of the cell was measured to be 113 nm and 101 nm (FWHM), respectively. An xz view reveals the lamina meshwork enveloping an intranuclear lamina channel (Fig. 4f ).
CONCLUSIONS
We have developed TILT3D, a simple and versatile platform that combines a tilted light sheet with PSF engineering for 3D single-molecule super-resolution imaging of thick mammalian cells. TILT3D can be added to any conventional epifluorescence microscope, and it allows for imaging using a high-NA detection objective. The nanoscale 3D positions of single molecules are determined from the shape of the PSFs, rather than from the thickness or position of the light sheet. This allows for creation of the light sheet using very simple optics. Using a tilted light sheet for illumination enables excitation of single molecules throughout entire adherent cells cultured on conventional coverslips. The long working distance illumination objective allows for introduction of the light sheet without a need for dipping of the objective into the sample chamber, which reduces the risk of biological and fluorescent contamination. The inherent optical sectioning capability of the light sheet reduces background from out-of-focus fluorophores, photobleaching in regions of the sample not currently imaged, and the risk of photodamage from excessive illumination of the sample. The reduced background, in combination with the use of a high-NA detection objective, improves the precision of the single-molecule localizations. The dimensions of the light sheet and the axial range of the detection PSFs can conveniently be adjusted for the sample of interest by the choice of lenses and phase masks used. TILT3D is thus both versatile, simple, and userfriendly in its design and implementation, and we think that TILT3D in the future will become an important and widespread tool for both 3D super-resolution imaging and single-molecule tracking in whole mammalian cells.
